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 
Abstract—The performance of an epsilon-near zero (ENZ) 
plano-concave lens is experimentally demonstrated and verified 
at the D-band of the millimeter-waves. The lens is comprised of 
an array of narrow metallic waveguides near cut-off frequency, 
which effectively behaves as an epsilon-near-zero medium at 144 
GHz. A good matching with free space is achieved by exploiting 
the phenomenon of energy squeezing and a clear focus with a 
transmission enhancement of 15.9 dB is measured. The lens 
shows good radiation properties with a directivity of 17.6 dBi and 
low cross-polar components of -34 dB. All results are supported 
by numerical simulations. 
 
Index Terms—Epsilon-near-zero, energy squeezing, metallic 
lenses, metamaterials, millimeter wave devices. 
 
I. INTRODUCTION 
HE advent of metamaterials has opened new horizons 
in the control of electromagnetic waves owing to the 
possibility of engineering materials with almost any arbitrary 
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value of constitutive parameters [1]. Recently, special 
attention has been paid to artificial materials with permittivity 
close to zero, the so-called epsilon-near-zero (ENZ) 
metamaterials [2]. Some natural materials show this feature at 
visible and infrared when working near their plasma 
frequencies [3]. However, as we are limited by the dispersive 
behavior of the medium, engineered materials are needed to 
tune the response in those regimes [4,5], and specially are 
essential for lower frequencies such as microwaves or 
millimeter waves where materials with vanishing permittivity 
are not naturally and easily available. In such ENZ structures, 
the phase velocity becomes near-infinite resulting in a 
quasistatic field distribution. This brings unconventional 
properties such as energy squeezing or electric field 
enhancement [2,6,7], among others. Exploiting these 
properties, ENZ materials are used in a wide range of 
applications such as radiation patterning [8,9], cloaking 
[10,11], subwavelength imaging [12], boosting of optical 
nonlinearities [13] or optical nanocircuits [14,15], to name a 
few.  
ENZ materials are also suitable for developing lenses due to 
their ability of tailoring the wave fronts to desired shapes by 
simply controlling the lens profile [8]. In 1946, Kock proposed 
a plano-concave metallic lens made of conductive plates, 
taking advantage of the high phase velocity of a wave passing 
between the plates [16]. Subsequently, further realizations of 
metallic lenses working effectively with a near zero index of 
refraction have been proposed [17-24]. They are advanced 
designs that address the problem of impedance matching 
suffered by Kock lenses. In [17, 18], stacked subwavelength 
hole arrays displaying extraordinary transmission [25] were 
used to focus an incoming plane wave. In [19,20], the plasma-
like behavior of the TE1 mode of parallel plate waveguides 
was exploited to synthesize artificial dielectric lenses with a 
dispersive refractive index. In close relation with the work 
presented here, plano-concave and plano-plano ENZ metallic 
lenses made of narrow waveguides were proposed, designed 
and theoretically analyzed in [21, 22]. Further examples of 
graded-index lenses, based on apertures of non-uniform 
widths working in the visible, can be found in [23, 24].  
In this work, we experimentally investigate and verify the 
performance of a plano-concave ENZ lens made of a metallic 
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waveguide array working near the waveguide cut-off 
frequency, demonstrating experimentally the theory presented 
in [21, 22]. Two studies are presented here: the first is a 
characterization of the focal plane and the transmission 
properties; and second, a lens antenna arrangement is analyzed 
and the radiation characteristics are extracted. To the best of 
our knowledge, this is the first realization of an arrangement 
of near cut-off metallic waveguides used as an ENZ structure 
that tailors an incoming plane wave in a spherical focus, or 
vice versa, at a frequency of 144 GHz.  
II. DESIGN AND FABRICATION 
The fabricated lens is shown in Fig. 1(a). It consists of a 
plano-concave aluminum structure of dimensions Lx = 76.2 
mm, Ly = 86.2 mm, Lz = 40 mm and d = 55.5 mm where an 
array of 33 × 114 narrow apertures has been manufactured 
along the z-axis. Each aperture is a hollow metallic waveguide 
of cross-sectional dimensions hx = 1.10.025 mm, hy = 
0.050.02 mm. These dimensions are chosen in order to work 
at a frequency around 140 GHz: since the electric field of the 
incoming wave is polarized along the y-axis, parallel to hy, and 
hx > hy, the fundamental mode is the TE10, whose cut-off 
frequency is fc
TE10
 = c/2hx = 136.36 GHz, where c is the 
velocity of light in free space [26]. Slightly above this 
frequency, each waveguide behaves as an ENZ medium where 
the propagation constant is very small and thus the effective 
permittivity is very close to zero [2,6,7,21,22]. Moreover, in 
order to avoid the mismatch of the lens with free space, hy is 
designed to be electrically very small (≈/42) and hence the 
wave is able to tunnel through the structure coupling most of 
the energy at the output, a phenomenon that is known as 
energy squeezing (i.e., supercoupling) [6, 7]. The in-plane 
periodicity of the array is dx ~ 1.4 mm and dy ~ 0.5 mm. The 
lens profile is semi-spherical with a diameter d. Hence, the 
shortest waveguide that corresponds to the minimum thickness 
of the lens is 12.25 mm long. Due to fabrication limitations, 
the array of apertures does not cover the whole diameter of the 
sphere along the x-axis, see bottom-right inset in Fig. 1(a). 
The fabrication process, done by the technological center 
Tekniker, was as follows: the array of waveguides comprises 
114 aluminum sheets of thickness t = dy = 481.53.5 m. Each 
sheet had initial dimensions of Lx × Ly where 33 slots of 1.1 
mm × 0.05 mm × 40 mm (hx × hy × Lz) with a periodicity of dx 
were etched with a high speed micro milling machine Kondia 
HS1000 that uses a jagged tool mounted on a ceramic bearing 
rotating at 24000 rpm. In order to ensure a uniform and 
tolerable roughness, the manufacturing process was done 
under cooling conditions. The average roughness of the sheets 
after the milling step is only 0.32 m. Figure 1(b) shows a 
picture taken with a confocal microscope of one of the slot 
waveguides, where the roughness of the metallic walls can be 
appreciated. Subsequently, the 114 sheets were stacked and 
two thick aluminum blocks were placed on the upper and 
lower part, to serve as bases. The whole structure was 
tightened with eight metallic crosspieces in order to ensure 
perfect electrical contact between adjacent plates. The 
alignment and dimensional characterization of the sheets was 
made by optical microscopy. After that, the semi-sphere was 
mechanized by means of die-sinking electrical discharge 
machining using a copper electrode that guarantees sphericity 
during the whole process. Finally, the apertures were cleaned 
with an ultrasonic washer. 
 
Fig. 1. (a) Photograph of the plano-concave ENZ metallic lens. (upper inset) 
View of the flat face of the lens. (lower inset) Detail of narrow waveguides in 
the concave profile. (b) Photograph taken with a confocal microscope of one 
of the slots etched in the aluminum sheets. 
III. RESULTS 
A. Focal plane characterization 
Experimental results were obtained in this subsection with 
two different setups and compared with simulations in Fig. 2-
4. A sketch of the first setup is depicted in Fig. 2(b). The flat 
face of the lens was illuminated with a D-band corrugated 
horn antenna generating a y-polarized Gaussian beam. The 
feeder was placed 1.3 m away from the flat face of the lens. At 
this distance, the beam radius of the Gaussian beam radiated 
by the corrugated horn antenna is 138 mm for 140 GHz, 
ensuring quasi-uniform illumination of the flat face of the 
lens. A WR-6.5 rectangular waveguide with its standard 
flange was used as a receiver, which was fixed on a motorized 
2-axis translation stage with a minimum step of 0.5 mm in 
both x and z or y axes.  Raster scanning was done to find the 
focus at any desired frequency. Both transmitter and receiver 
were connected to an AB-Millimetre
TM
 Quasioptical Vector 
Network Analyzer (VNA) which covers the spectrum 0.04 - 1  
y
z
x
d
(a)
hy(b)
Ly
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Fig. 2. (a) Simulated (Sim) normalized transmission enhancement spectra 
along the optical z-axis. (b) Sketch of the first experimental set-up and 
measured (Exp AB) normalized transmission enhancement spectra using the 
AB Millimetre VNA and the flange-ended WR-6.5 waveguide as a receiver 
(Rx). (c) Sketch of the second experimental set-up and measured (Exp AG) 
normalized transmission enhancement spectra using the Agilent VNA and the 
WR-8.0 near-field waveguide probe as a receiver (Rx). (d) Analytical 
calculation of the effective permittivity and the focal length for the nominal 
value of the hollow waveguide together with the maximum deviation induced 
by the fabrication tolerances (hx = 1.1±0.025 mm).  
THz. The transmission with the horn antenna and the flange-
ended WR-6.5 waveguide placed face to face without the lens 
in between is used as reference, i.e., calibration. The whole 
setup was covered with radar absorbing material (RAM) to 
mimic anechoic chamber conditions. Experimental results 
obtained with this setup are named Exp AB from now on. 
Given the large size of the flange surrounding the WR-6.5 
waveguide, the detection carried out with the first setup is 
invasive. To mitigate the effect of the detector, a second 
experimental setup (Fig. 2(c)) was used with a near-field 
probe with sharpened edges. In this case the setup used OML 
millimeter-wave heads connected to an Agilent Technologies 
N5242A PNA-X network analyzer. The feeder is the same 
horn antenna as in the first setup but in this case it was placed 
160 mm away from the flat face of the lens. At this distance, 
the width of the Gaussian beam is reduced up to 33 mm. 
Despite the flat face not uniformly illuminated, it was easier to 
cover the interaction between transmitter and receiver with a 
metallic plate and RAM, and similar performance was 
obtained with a Gaussian beam excitation [22]. Both 
transmitter and receiver OML millimeter-wave heads were 
connected to an Agilent N5242A PNA-X Network Analyzer. 
A waveguide probe in WR-8.0 was used as a receiver, which 
was fixed on a motorized 2-axis translation stage. Raster 
scanning was done in a rectangle of 320 mm × 320 mm with a 
step of 0.8 mm parallel to the xy-plane at 100 mm away from 
the exit face of the lens of the lens, 135 to 155 GHz frequency 
bandwidth was collected (201 points) and a narrow time 
gating was applied to isolate the remaining reflection of the 
setup. The receiver was covered with RAM to avoid undesired 
reflections. With these measured values of the transversal 
components of the electric field, and after proper mathematical 
backtransformation, the field in any transversal plane in the z-
axis can be obtained [27]. The results measured with this setup 
are denoted as Exp AG. 
Simulation results were performed with CST Microwave 
Studio
TM
 using the transient solver. The whole 3D-lens was 
modeled according to fabrication dimensions, including the 
bases on the top and bottom but excluding the crosspieces. 
The lens was illuminated with a plane wave letting the solver 
run until the remaining energy inside the calculation domain 
was below -60 dB the peak value to ensure validity of the 
continuous-wave (frequency) results obtained via Fourier 
transformation. Given the two-fold symmetry, magnetic and 
electric mirror planes were used at yz- and xz-planes, 
respectively, in order to reduce computation volume and time. 
A general hexahedral mesh of resolution equal to 0/10 was 
used by default for the simulation box. However, the 
waveguides hollow dimension hy was further refined up to a 
resolution of 0/170. The total number of mesh cells was 
~36,700,000. The lens material was aluminum (Al) with 
conductivity Al = 3.56 × 10
7
 S/m, which appropriately 
models well-polished Al layers at millimeter waves [28]. 
In Fig. 2(a), the simulated transmission enhancement 
spectra along the optical z-axis are presented. For this result, 
the waveguide receiver was not modeled to reduce 
computation effort. From this color map one can immediately 
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estimate the frequency of operation. In an ideal situation, the 
ENZ lens should start exactly above fc
TE10
 = 136.36 GHz, 
showing a focus at the center of the semi-sphere (x = 0, y = 0, 
z = 22.5). However, it is known that the matching condition, 
and thus, the energy squeezing phenomenon, is slightly blue-
shifted [10,21,22]. This can be seen in the figure; transmission 
rises at 136.60 GHz but the maximum happens at 140.73 GHz. 
This frequency shift implies that the effective permittivity 
deviates from zero, since eff = 1-( fc
TE10
/f)
2
 and therefore the 
ideal quasistatic behavior is partially lost. Hence, the phase 
front at the exit face does not follow exactly the spherical 
profile, and thus, aberrations are expected. Evidence of this 
fact is the increase of the focal length accompanied by the 
widening of the depth of focus as the frequency increases. 
Regarding the experimental results obtained with the AB 
Millimetre VNA (Exp AB), we also observe an abrupt 
transmission level of 27 dB from the experimental lower 
cutoff frequency of the lens at ~138 GHz to the peak 
frequency found at ~144 GHz. The increment of the focal 
length with frequency is noted as well. However, ripples are 
observed in the color map, not observed in the simulation, 
which are caused by standing waves between the lens and the 
flanged-ended WR-6.5 waveguide, as the second setup 
reveals. In Fig. 2(c) the experimental results obtained with the 
Agilent VNA (Exp AG) are shown. Now the ripple is not 
present, confirming the previous argument based on standing 
waves. Moreover, transmission rises at 141.5 GHz and the 
maximum happens at 144.3 GHz in very good agreement with 
the previous experimental results. From now on f0 = 144 GHz 
(0 = 2.08 mm), will be considered the working frequency of 
the ENZ lens. 
Experimental results show a blue-shift in frequency as well 
as an increase in the focal length, which can arguably be 
attributed to fabrication tolerances. To support this 
assumption, the dispersion of the effective permittivity and the 
focal length for the nominal value of the hollow waveguide 
together with the maximum deviation introduced by the 
fabrication tolerances (hx = 1.1±0.025 mm) is shown in Fig. 
2(d). According to this analytical calculation, the ENZ lens at 
f0 exhibits an effective permittivity eff = 0.103. The tolerances 
can induce a deviation of the focal length of approximately ±4 
mm centered ~141 GHz. Namely, at f0 the focus is expected to 
be located between 37.2 mm and 44.9 mm in agreement with 
the results of Fig. 2(b) and 2(c).  
To characterize the image space of the lens for the working 
frequency f0, two additional transmittance maps are obtained. 
The yz-maps at x = 0 mm are shown in Fig. 3(a, c, e, g). From 
the results measured with the first setup (Exp AB), Fig. 3(a), it 
is evident that the energy is mostly focused around the center 
of the y-axis, as expected for the symmetry conditions. 
However, the results are not perfectly symmetric, possibly 
caused by some misalignments in the setup. The maximum is 
located at z = 40.25 mm, in agreement with the results from 
Fig. 2(b). Moreover, a ripple is again observed along the z-
axis.  
 
Fig. 3. Normalized transmission enhancement (a, e) measured and (c, g) 
simulated on the yz-plane; and (b, f) measured and (d, h) simulated on the xy-
plane at the working frequency of 144 GHz (a-d, g,h) and 144.3 GHz (e, f). 
Exp AB and Exp AG refer to experimental results obtained with the AB 
Millimetre VNA and Agilent VNA setup, respectively. Sim WG and Sim 
correspond to simulations with and without the model of the detector, 
respectively. The yellow rectangles in panel (c) outline the standard flange of 
the WR-6.5.  
 
The simulation result, Fig. 3(c), also displays the 
experimental main features. Notice that, unlike Fig. 2(a), the 
WR-6.5 waveguide along with its standard flange has been 
now modeled (Sim WG). Figure 3(c) shows unquestionably 
that Fabry-Perot resonances appear between the flange-ended 
WR-6.5 waveguide and the lens as a result of the large flange 
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Fig. 4. (a) Numerically-computed magnitude of the electric field normalized to the maximum on the yz-plane at the working frequency f0=144 GHz. (b) 
Normalized transmission along the z-axis for x=y=0 mm at f0 where the focal length is marked with vertical arrows. Continuous line (Exp AG) represents 
measured values with Agilent VNA setup, dotted line (Sim) simulated values of the full lens and dashed line (Sim(Eps_eff)) simulated values of the lens formed 
by homogenous material. (c, e) Normalized transmission at f0 along the x-axis and (d, f) along the y-axis at the FL. Exp AB and Exp AG represent experimental 
results obtained with the AB Millimetre and Agilent VNA setup, respectively. Sim WG and Sim represent simulation results with and without the modeling of 
the detector, respectively. 
of the detector. This argument is corroborated further with the 
second setup, Fig. 2(e), where the amount of metal facing the 
lens is reduced to the frame of the waveguide probe. The 
second set of measurements has no sign of standing waves and 
shows a better focus performance in agreement with Fig 3(g), 
which shows the simulation result without modeling the 
detector. The symmetry along the y-axis is now well observed 
and the maximum is located at z = 40.40 mm, similarly to the 
first set of experiments. 
Once the maximum of the focus along the z-axis was found, 
a xy-plane scanning was done at that particular z to find its 
position on this plane, see transmission results in Fig. 3(b, d, f, 
h). A very clear energy enhancement is observed in the 
experiments (Fig. 3(b) and 3(f)) around the center of the plane 
(x=y=0 mm) where the theoretical position of the focus is 
located. However, some differences as well as further points in 
common are observed in both results. On the one hand, the 
focus recorded with Exp AB has a larger extension than the 
focus obtained in Exp AG. This is an effect of the flange-
ended WR-6.5 waveguide as can be deduced from the 
simulations. The ideal simulation (Sim) of Fig. 2(h) shows a 
more concentrated focus than the simulation including the 
waveguide (Sim WG).  On the other hand, several secondary 
lobes are also noticed in all results along x- as well as y-axis, 
although the latter have lower values. The fact that the 
secondary lobes along the x-axis are higher than those along 
the y-axis is related with the effective aperture. As described 
in the fabrication section, the concave profile does not have 
waveguides all along the x-axis, causing the effective length to 
be 17% lower than the y-axis, and therefore, the energy 
focusing is worse along x. Finally, regarding the maximum 
transmission enhancement (maximum power received with 
respect to the case without the ENZ lens), we measure a 
maximum value in the focus equal to 15.9 dB in Exp AB in 
good agreement with the simulated value of 16.77 dB. It must 
be highlighted that in Exp AG the maximum obtained is only 
5.61 dB since the non-uniform illumination produces a high 
penalty in the maximum transmission, as demonstrated in 
[22]. 
Let us now compare in depth the numerical and 
experimental results in terms of the focusing properties. In 
Fig. 4(a), the numerically-computed magnitude of the electric 
field on the yz-plane at the working frequency f0 is shown. We 
observe how the impinging plane wave is tailored in a quasi-
circular wave front resulting in a good focusing of the field. 
The focal length (FL), the depth of focus (DoF) along the 
optical axis (z-axis), and the full-width at half-maximum 
(FWHM) (see Fig. 4(a) for graphical representation of these 
lens properties) can be extracted from this two-dimensional 
color map and its xz counterpart. The transmission along the 
optical axis for x = y = 0 mm is depicted in Fig. 4(b). In the 
experiment (solid black curve) the FL = 40.40 mm, in good 
agreement with the simulation (dashed blue curve) where FL = 
38.91 mm. Regarding the DoF, in the experiment we obtain a 
DoF = 14.8 mm = 7.110 while in the simulation is DoF = 
3.94 mm = 1.90. It must be noted that a spatial averaging is 
introduced by the receiver and a wider focus than the 
simulation is expected, where an ideal point detector is 
assumed, and therefore this comparison must be done with 
precautions. Both results are compared with the simulation for 
a plano-concave lens with the same dimensions of the 
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waveguide array and formed by an isotropic homogenous 
material with a permittivity equal to eff = 0.103 (dotted red 
curve). A FL = 38.17 mm and DoF = 4.37 mm are calculated, 
similar to the ones obtained with the waveguide array. This 
underlines the effectiveness of modeling the lens as a medium 
with effective ENZ. Furthermore, similar simulations were 
performed for eff = 0.061 (dotted red curve labelled as Eps_eff 
- tol) and eff = 0.143 (dotted red curve labelled as Eps_eff + 
tol) which correspond with the limits of the effective 
permittivity delimited by the fabrication tolerances (hx = 
1.1±0.025 mm). It can be seen that the measured FL is within 
the limits predicted by the fabrication, and therefore, 
tolerances can explain the discrepancy between experiment 
and simulation. From these results the ENZ lens can be 
assumed to exhibit an effective epsilon of eff = 0.138. 
   
TABLE I 
SUMMARY OF THE FOCUS PERFORMANCE 
 
 
FLa DoFb 
FWHMc 
Max. 
Tx.d 
 x-axis y-axis 
Exp AB 
40.25 
mm 
10.4 mm 
50 
4.60 mm 
2.210 
3.51 mm 
1.690 
15.90 dB 
Sim WG 
38.91 
mm 
- 
2.76 mm 
1.330 
2.26 mm 
1.080 
14.75 dB 
Exp AG 
40.40 
mm 
14.8 mm 
7.110 
2.36 mm 
1.130 
3.04 mm 
1.460 
5.61 dB 
Sim 
38.91 
mm 
4.59 mm 
2.210 
1.63 mm 
0.780 
1.45 mm 
0.690 
16.77 dB 
aFL is the focal length 
bDoF is the depth of focus 
cFWHM is the full-width at half-maximum 
dMax. Tx. is the maximum transmission enhancement 
This study is completed by analyzing the focus in the xy-
plane. The transmission along the x- and y-axis at the focal 
length is depicted in Fig. 4(c-f). Figure 4(c, d) compares Exp 
AB with two sets of simulation results: with and without 
modeling the detector. It is evident from these results that the 
WR-6.5 waveguide along with its flange introduce important 
differences. The simulation without the WR-6.5 waveguide 
shows a narrower focus in both axis and lower secondary 
lobes than Exp AB. However, when the flange-ended WR-6.5 
waveguide is modeled, the numerical prediction agrees 
reasonable well with Exp AB. Meanwhile, Exp AG (Fig. 4(e, 
f)) is better reproduced by the simulation without the detector 
than Exp AB because of a minor influence of the probe. Now 
the focus is narrower and the secondary lobes lower. 
Nevertheless, the simulation does not match completely Exp 
AG yet, due to the spatial averaging introduced by the receiver 
and the different illumination conditions. In general, the 
overall performance (first null beam width (FNBW), 
secondary lobes and minimums) is in good agreement in both 
experiment and simulation results. A summary of all these 
results is shown in Table I. There is no result for DoF in Sim 
WG because that simulation was done only for the particular 
case of the detector placed at the FL.   
B. ENZ lens antenna: radiation characteristics 
Finally, the ability of the ENZ lens to improve the radiation 
properties of a poorly directive source is analyzed. Now, we 
use only the setup with the Agilent VNA. A waveguide probe 
WR-5.1 (as low directivity radiator) is situated at the 
experimental focus and used as a feeder while a waveguide 
probe WR-8.0 was used as a receiver. A raster scanning was 
done with the latter in a rectangle of 200 mm × 200 mm with a 
step of 0.8 mm parallel to the xy-plane at 100 mm away from 
the exit face of the lens. The measured fields in this xy-plane 
allow us to calculate via planar near-field to far-field 
transformation the fields in the far-field region and therefore 
the radiation pattern [27]. A sketch of this new setup is 
depicted in Fig. 5(a). Notice that the end of the WR-8.0 is now 
included in the simulation, but not the WR-5.1 probe, and a 
far-field monitor is used to obtain the radiation pattern. 
 
Fig. 5. (a) Sketch of the experimental set-up used for the far-field 
characterization. Measured and simulated co-polar radiation pattern on the E-
plane (b) and H-plane (c). 
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On the E-plane (Fig. 5(b)) a very narrow main lobe is 
obtained experimentally, pointing exactly in the direction of 
the optical axis (0 deg), with a half-power beamwidth 
(HPBW) of 1.6 deg and FNBW equal to 2.8 deg. In the 
simulation a slightly wider main lobe is obtained with a 
HPBW and FNBW of 2.2 deg and 5.6 deg, respectively. It can 
be noticed that the experimental radiation pattern presents 
higher secondary lobes that we attribute to some undesired 
effect during measurement and the absence of the WR-5.1 
probe in the modeling. In the simulation the first side-lobe 
level (FSLL) is -18.3 dB while in the experiment are of -3.6 
dB and -0.8 dB at both sides of the main lobe. The cross-polar 
component, measured with the receiving antenna rotated 90 
deg with respect to the incident vertical electric field, is rather 
low, 34 dB lower than the co-polar one on the optical axis. On 
the H-plane, presented in Fig. 5(c), the main lobe also points 
along the optical axis. In this plane, the beamwidth is wider, 
with a HPBW=3.0 deg, and also the angle between first nulls 
FNWB=8.2 deg which is in very good agreement with the 
simulated values. In this plane, the level of the secondary 
lobes is much lower: -13.8 dB and -7.8 dB. Finally, the 
measured directivity is equal to 17.6 dBi, somewhat away 
from the 25.4 dBi predicted by the ideal simulation. This 
difference arises manly from the penalty introduced by the 
high secondary lobes in the experimental E-plane. A 
comparison of all these results is presented in Table II. 
 
TABLE II 
RADIATION PATTERN PARAMETERS 
 
 HPBWa FNBWb FSLLc 
Directivity 
 
E-
Plane 
H-
Plane 
E-
Plane 
H-
Plane 
E-
Plane 
H-
Plane 
Exp 
AG 
1.6 
deg 
3.0 
deg 
2.3 
deg 
8.2 
deg 
-3.6 
dB 
-13.8 
dB 
17.6 dBi 
Sim 
2.2 
deg 
2.9 
deg 
5.6 
deg 
7.8 
deg 
-18.3 
dB 
-19.3 
dB 
25.4 dBi 
aHPBW is the half-power beamwidth 
bFNBW is the first null beam width 
cFSLL is the first side-lobe level 
IV. CONCLUSIONS 
We present in this work the performance of a metallic ENZ 
lens with a plano-concave profile working at 144 GHz. The 
ENZ behavior is achieved by means of an array of narrow 
waveguides working very close to the cut-off frequency of the 
fundamental mode, being the first realization of this kind of 
ENZ medium in this frequency regime. The array of 33  111 
hollow waveguides with height equal to 0/42 in a lens 
thickness between 60 and 260 has been assembled after a 
challenging fabrication process. The lens has been 
characterized systematically within a combined experimental 
and computational approach to study the impact of the 
tolerances and the invasiveness of the two different probes 
used experimentally. Experimental measurements at 
millimeter-waves show, for the two setups used, a clear focus 
in both E- and H-planes with a maximum transmission 
enhancement of 15.90 dB when the ENZ lens is uniformly 
illuminated, resulting in a good performance of the lens 
compared to previous metallic lenses. A directivity of 17.6 dBi 
is measured with very low values of cross-polar components 
on the E- and H-plane. The results underline that 
homogenization of the lens can be carried out, which has 
strong implications for fundamental physics and device 
engineers. This work opens new possibilities of using 
waveguide-based ENZ metamaterials on applications such as 
graded-index lenses, prisms or beam steerers at millimeter-
wave. 
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